sialidase produced by Corynebacterium diphtheriae were studied. The enzyme was partially purified from preparations of diphtheria toxin on a column of Sephadex G-75 . By this means the lethal factor of diphtheria toxin was separated, in part, from the sialidase activity. There appeared to be a close immunological relationship between the sialidases of C. diphtheriae and clostridia, since a preparation of diphtheria antitoxin was as effective an inhibitor of diphtheria sialidase as of the sialidase of three species of clostridia. Conversely, antitoxin to clostridia inhibited diphtheria sialidase. Diphtheria antitoxin was essentially inactive toward influenza virus sialidase, and was completely inactive against purified sialidase of Vibrio cholerae. Removal of sialic acid from the proteins in a preparation of diphtheria antitoxin did not alter the inhibitory activity of the antitoxin against diphtheria sialidase. The enzyme operated optimally at pH 5.5 and did not require calcium ions for activity. The substrate specificity of diphtheria sialidase appears to be the same as that of other previously described sialidases.
The glycosidase called neuraminidase or sialidase has been found in a variety of bacteria and myxovirus preparations (Gottschalk, 1960; Rafelson, 1963) . In addition, this enzyme has been observed in preparations of bovine and human plasma proteins (Warren and Spearing, 1960) , in the developing chick egg (Ada and Lind, 1961) , and in several tissues of the rat (Carubelli, Trucco, and Caputto, 1962) . In this paper, the characteristics of a sialidase formed by Corynebacterium diphtheriae, and partially purified from the toxin, will be described.
The presence of a sialidase in diphtheria toxin was suspected when it was observed that the changes in electrophoretic mobility of human transferrin produced by the enzyme sialidase (Parker and Bearn, 1961; Blumberg and Warren, 1961) were in many respects the same as changes in an earlier study on the effects of diphtheria toxin on proteins (Poulik, 1956) . Preliminary enzymatic tests by the present authors showed that diphtheria toxin did, in fact, contain a sialidase (Blumberg and Warren, 1961; Poulik, 1961) . While this work was in progress, Heide and Haupt (1962) and Jamieson and Poulik (1962) briefly reported their work on diphtheria sialidase.
MATERIALS AND METHODS Human plasma proteins, used for routine assays, were purchased from Pentex, Inc., Kankakee, Ill. Crystalline human transferrin was the gift of A. L. Schade. Orosomucoid was the gift of E. A. Popenoe. Several preparations of diphtheria toxin were employed: one-and five-times recrystallized diphtheria toxin obtained from C. The following preparations were obtained from D. R. Seligman of the Division of Biologics Standards, National Institutes of Health: Standard Schick diphtheria toxin, and toxin and antitoxins of Clostridium perfringens, C. septicum, and C. sordelli. These materials had been stored in a lyophilized state for general medical distribution. Diphtheria toxoid was obtained from the National Drug Co., Philadelphia, Pa. Cholera sialidase was purified approximately 700-fold by the method of Ada and French (1959) . Crystalline N-acetylneuraminic acid, isolated from human plasma proteins (Svennerholm, 1956) , was used as a standard.
In most studies, the thiobarbituric acid assay was used to measure free N-acetylneuraminic acid (Warren, 1959) . Sialic acids were detected on paper by the thiobarbituric acid spray method (Warren, 1960) . Other methods employed for sialic acid determination were the orcinol, directEhrlich (Werner and Odin, 1952) , resorcinol (Svennerholm, 1957) , and diphenylamine (Ayala, Moore, and Hess, 1951) . Protein determinations were done by ultraviolet-light absorption at 260 and 280 m,u (Warburg and Christian, 1941) and by the method of Lowry et al. (1951) with bovine serum albumin as standard.
In a typical assay for sialidase activity, 0.05 ml of 1 M sodium acetate buffer (pH 5.5), 5 mg of human plasma protein substrate containing 29 ,ug (0.094 ,umoles) of bound N-acetylneuraminic acid, and enzyme, in a final volume of 0.2 ml, were incubated for 45 min at 37 C. After incubation, the thiobarbituric acid assay for free sialic acids, i.e., sialic acid which had been released from its bound state by sialidase, was carried out on the entire vessel contents. The release of 0.01 mole of N-acetylneuraminic acid caused an increase in optical density of 0.190 at 549 m,u. Control vessels contained no enzyme or were complete, and were frozen during the incubation time. A unit of activity of the enzyme was determined as the number of micromoles of N-acetylneuraminic acid removed from the substrate (human plasma protein) per milligram of enzyme protein per hour. All seven preparations of toxin tested in this study contained sialidase. The specific activities of the sialidase in the toxins ranged from 0.001 (five-times recrystallized toxin) to 0.133. Commerical diphtheria toxoid was found to be devoid of sialidase activity. We found that toxin preparations do not contain N-acetylneuraminic acid aldolase (Heimer and Meyer, 1956; Comb and Roseman, 1960) . Figure 1A shows that, under the conditions of the assay, release of N-acetylneuraminic acid is linear with time for at least 75 min. The assay is linear with respect to enzyme concentration (Fig. 1B) .
The pH optimum of the reaction catalyzed by diptheria sialidase appeared to be at 5.5 in acetate buffer (Fig. 2) . We found similar pH optima for the sialidase of Vibrio cholerae, C. perfringens, influenza virus, and mammals. A pH optimum of 6.2 with tris(hydroxymethyl)aminomethane (tris) maleate buffer was reported for diphtheria sialidase activity by Jamieson and Poulik (1962 The vessels were incubated for 45 min at 37 C, and the thiobarbituric acid assay was carried out on the entire vessel contents.
toxin was dialyzed against a solution of 3 X 10-3 M sodium ethylenediaminetetraacetate (Na EDTA) in 10-3 M sodium acetate buffer (pH 5.5) for 12 hr at 4 C, and then further dialyzed against the sodium acetate buffer alone for 12 hr. The effect of added cations on sialidase activity was then tested in the system described above. The chlorides of Ca++, Mg++, Mn++, Ni++, and Co++ had essentially no effect on activity at concentrations as high as 10-2 M. At a concentration of 10-2 M, ZnII inhibited activity 29%, Cu++ 50%, and Cd inhibited activity 20%. In almost all experiments with hydroxymercuribenzoate or Na EDTA, no effect was observable at concentrations ranging from 10-3 to 10-2 M. Compounds such as glutathione (1.3 X 10-3 M) and mercaptoethanol (10-2 M), which contain sulfhydryl groups, neither inhibited nor stimulated sialidase activity.
RESULTS
Purification of sialidase. A column of Sephadex G-75 was employed for the partial purification of diphtheria sialidase. Details of the column procedure are given in the legend of Fig. 3 . Sialidase was eluted in tubes 6, 7, and 8, and most of the protein came out in tubes 19 to 24 (Fig. 3) . Presumably, the material in the second peak consists of small proteins and polypeptides. The sialidase (0.628 units) placed on the column had a specific activity of 0.018. The sialidase of tubes 6, 7, and 8 had specific activities of 0.278, 0.468, and 0.273, respectively, which represent a 15-fold purification of the enzyme in tubes 6 and 8, and a 26-fold purification of the enzyme in tube 7. The fact that more units of activity were recovered from the column (175%l yield) than were placed on the column might be explained by the removal of sialidase inhibitors.
The sialidase and toxin produced by C. diphtheriae were not retained by the column, since Sephadex G-75 has a porosity that will reject neutral polysaccharides with a molecular weight range of 40,000 to 50,000 (Pharmacia Fine Chemicals, 1961) . Diphtheria toxin has a molecular weight of 72,000 (Pappenheimer, 1958) , and preliminary evidence indicates that diphtheria sialidase has a molecular weight of approximately 50,000 (assuming a spherical shape), as determined by the method of Martin and Ames (1961) .
The lethal factor, presumably diphtheria toxin, was eluted in the first protein peak along with Purification of diphtheria sialidase on Sephadex G-75. Sephadex G-75 column (75 by 1 cm) was washed with 200 ml of water at 2 C. Diphtheria toxin (3 ml) containing 34.8 mg of protein with 0.618 units of sialidase activity was applied, and the column was developed with cold distilled water. Fractions of 3 ml each were collected. Elutions were continued until no protein could be detected by ultraviolet-light absorption at 280 msi. A 0.1-ml sample was used for measuring sialidase activity. Samples of 1 ml from the peak tubes were injected subcutaneously into guinea pigs weighing 250 g to determine the elution pattern of the lethal factor of diphtheria toxin. Symbols: +++, death in less than 16 hr; ++, death between 16 and 22 hr; +, death between 48 and 80 hr; -, no observable effect; 0, sialidase activity; 0, protein concentration (optical density at 280 m,A). * Determined by the thiobarbituric acid assay after hydrolysis of the sample at 80 C in 0.1 N H2SO4.
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the sialidase (Fig. 3) . However, the toxin continued to elute until at least tube 19, whereas sialidase could not be detected beyond tube 11. Although the amount of toxin eluted in tubes 10 to 18 was not determined quantitatively, it is probable that considerable purification of toxin was effected, since the protein concentration in these tubes is low. Unsuccessful attempts were made to purify the diphtheria sialidase by adsorption onto human, rat, guinea pig, and chicken red blood cells at 0 C. Unlike the sialidase of V. cholerae, the enzyme of C. diphtheriae was found unadsorbed in the red blood cell supernatant solution.
Substrate specificity. Under the conditions described in Materials and Methods for the typical assay, the sialidase of diphtheria cleaved most of the sialic acids from human plasma protein and from neuramin-lactose in 5 hr (Table  1) . Diphtheria sialidase was also active against human orosomucoid and transferrin, fetuin, rabbit, horse, and pig plasma proteins, and mouse serum. The specificity of diphtheria sialidase appears to be similar to that of the other sialidases.
Inhibition of sialidases by diphtheria antitoxin. Dialyzed commercial diphtheria toxin inhibited the sialidase of C. diphtheriae (Table 2) . Heide and Haupt (1962) also showed that diphtheria antitoxin preparations inhibit diphtheria sialidase. Presumably, antibody to sialidase is present in the antitoxin preparation, because diphtheria sialidase was present in the toxin used for immunization.
The sialidases of C. septicum, C. sordelli, and C. perfringens found in toxins prepared by the Division of Biologics Standards were inhibited 2.0 73 * Assays were carried out as described in the text, except for a preincubation of enzyme with antitoxin for 20 min at 37 C before the addition of 5 mg of human glycoprotein substrate; incubation was 4 hr.
as effectively by diphtheria antitoxin as was diphtheria sialidase. Conversely, diphtheria sialidase was strongly inhibited by antitoxins of the three clostridia. The diphtheria antitoxin had only slight inhibitory activity against the sialidase of influenza virus, and purified sialidase of V. cholerae was completely resistant to the antitoxin.
In many experiments, a maximal though incomplete (80%) inhibition of sialidase occurred with a specific amount of antitoxin, and further increments of antitoxin led to a decrease in inhibition.
Since the sialidase inhibitor in antitoxin preparations is presumably a gamma-globulin, and this contains sialic acid (Winzler, 1958) , an attempt was made to see whether a diphtheria antitoxin preparation with its sialic acid entirely removed would still inhibit diphtheria sialidase. Accordingly, diphtheria antitoxin was incubated with the sialidase of V. cholerae until 98 % of the bound sialic acid was removed. The sialic acidfree antitoxin preparation was as effective an inhibitor of diphtheria sialidase activity as was the untreated antitoxin. This indicates that sialic acid in the antibody to diphtheria sialidase is not essential for its inhibitory activity against diphtheria sialidase.
Characterization of released N-acetylneuraminic acid. To show that N-acetylneuraminic acid was enzymatically released, 40 mg of diphtheria toxin (Eli Lilly), containing no N-acetylneuraminic acid were incubated with 50 mg of human glycoprotein containing 6.3 ,umoles of bound N-acetylneuraminic acid and 5.0 mmoles of sodium acetate (pH 5.5) in a 20-ml volume. After incubation for 11 hr at 37 C, 3.5 gmoles (56%) of N-acetylneuraminic acid were released. The incubation mixture was placed on a column (1.5 by 15 cm) of Dowex-1-formate. The column was washed with 300 ml of water, and the sialic acid was eluted with 0.6 M formic acid. The eluate containing N-acetylneuraminic acid was then lyophilized.
N-acetylneuraminic acid so obtained gave characteristic reactions in the direct-Ehrlich, orcinol, resorcinol, diphenylamine, and thiobarbituric acid assays. The absorption spectra were identical with those of authentic N-acetylneuraminic acid. The R.F values of the product were the same as those of authentic N-acetylneuraminic acid in the following four solvent systems: n-butanol-pyridine-water (6:4:3), 0.15; n-propanol-0.25 M sodium borate (2:1), 0.51; ethanol-water-concentrated ammonium hydroxide (80:20:1), 0.50; n-butanol-n-propanol-0.1 N HCl (1:2:1),0.40.
The N-acetylneuraminic acid released was degraded by N-acetylneuraminic acid aldolase partially purified from extracts of C. perfringens (Comb and Roseman, 1960) . DISCUSSION C. diphtheriae can be added to a growing list of bacteria that produce sialidase. The diphtheria enzyme and toxin are apparently both secreted into the medium and so are found together in toxin preparations. All toxin preparations tested in this study, including those toxins that had been crystallized, contained sialidase. Thus, antibody to both toxin and enzyme form simultaneously during the production of commercial diphtheria antitoxin.
The question of whether nontoxigenic C. diphtheriae produces sialidase has also been investigated. Although we observed that an avirulent strain of this micoorganism (ACTT 11913) contains no sialidase, L. Barksdale (personal communication) has found that sialidase is formed by C. diphtheriae both before and after infection with a phage that converts the organism from a nontoxigenic to a toxigenic state. It appears that toxigenic Corynebacterium produce sialidase, since all toxin preparations from a variety of sources contained sialidase, and that nontoxigenic forms may or may not produce the enzyme. C. diphtheriae itself does not contain sialic acid, as shown by analysis of extracts of an avirulent form (ATCC 11913) and as reported by Irani and Ganapathi (1962) .
The substrate specificity and pH optimum of the diphtheria enzyme appear to be approximately the same as those of clostridia, V. cholerae, influenza virus, and mammalian sialidases. However, diphtheria sialidase differs from the enzymes of V. cholerae and the mammal in that it is not stimulated by calcium ions. With the use of diphtheria and clostridial antitoxins, we have shown that the sialidase of C. diphtheriae and clostridia are immunologically similar and that these differ in this respect from the enzymes from influenza virus and V. cholerae.
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